The CTC series of cobalt chelates display in vitro and in vivo activity against herpes simplex virus types 1 and 2 (HSV-1 and HSV-2). The experiments described here identify the stage in the virus life cycle where CTC-96 acts and demonstrate that the drug inhibits infection of susceptible cells. CTC-96 at 50 g/ml has no effect on adsorption of virions to Vero cell monolayers. Penetration assays reveal that CTC-96 inhibits entry of the virus independent of gC and cellular entry receptors. This observation was supported by the failure to detect the accumulation of virus-specified proteins and ␣ mRNA transcripts when CTC-96 is present at the onset of infection. Moreover, virion-associated ␣TIF does not accumulate in the nucleus of cells infected in the presence of CTC-96. CTC-96 targets the initial fusion event between the virus and the cell and also inhibits cell-to-cell spread and syncytium formation. Furthermore, CTC-96 inhibits plaque formation by varicellazoster virus and vesicular stomatitis virus as efficiently as by HSV-1. Collectively, these experiments suggest that CTC-96 is a broad-spectrum inhibitor of infection by enveloped viruses and that it inhibits HSV-1 infection at the point of membrane fusion independent of the type of virus and cellular receptors present.
Infection by the alphaherpesviruses herpes simplex virus types 1 and 2 (HSV-1 and HSV-2) results in a variety of viral diseases including oral and genital epithelial lesions, encephalitis, and ocular keratitis (15, 16, 20, 96, 103) . Among these, herpetic ocular infection is the leading infectious cause of blindness in developed countries (48, 55, 56, 96) . Herpesvirus infections are characterized by their ability to establish latency and reactivate from the latent state (80) . In immunocompetent and immunocompromised patients herpesvirus infections are among the most frequent causes of viral disease (78, 93, 104) . Both primary and recrudescent infections in immunocompromised patients are life threatening (78, 93, 104) . Thus, there exists considerable interest in developing treatments for preventing infection and reducing the pathogenesis of primary and recurrent infections by HSV.
Several nucleoside analogs are approved for use in the treatment of herpesvirus infections (e.g., acyclovir, penciclovir, valaciclovir, and famciclovir), and derivatives of these are being developed and/or are undergoing clinical trials (2, 5, 17) . These drugs are activated by the HSV thymidine kinase, and thus their primary target is virus DNA synthesis (26, 32) . Not surprisingly, drug-resistant strains are appearing with increasing frequency (13, 14, 17, 28, 29, 54, 70, 85) . Resistance arises from mutations in the TK gene (18, 27) or mutations in the gene encoding DNA polymerase (13, 14, 47, 70, 85) . Therefore, new drugs need to be developed that target other aspects of the virus life cycle in order to find more effective treatments against the existing drug-resistant strains as well as all the known herpesviruses.
The CTC series of cobalt-containing compounds possess anti-inflammatory (105) and antiviral (3, 22, 24, 97) activity. Several CTC complexes have moderate activity in vitro and in vivo against HSV-1 and 2, varicella-zoster virus (VZV), cytomegalovirus (CMV), and Epstein-Barr virus (EBV) (3, 22, 24, 97) . However, the data for the inhibitory effects against VZV, CMV, and EBV are anecdotal (22, 24, 97) . Previous studies showed that CTC-96 ( Fig. 1 ), a derivative of CTC-23 (3, 22, 24, 97, 105) , is the least cytotoxic and most effective of these compounds against HSV-1 and HSV-2 (3, 22) . CTC-96 is also effective in inhibiting HSV-1 replication in tissue culture (3) . In a rabbit eye model, CTC-96 is able to reduce the corneal surface HSV-1 titer and facilitate recovery from dendritic keratitis (3, 22) . It has been suggested that the anti-inflammatory properties of the CTC complexes may aid in recovery from ocular disease (3) . However, CTC-96 is not a global virus inhibitor since it is ineffective in the cottontail rabbit papillomavirus model (72) . The antiherpetic activity of the CTC series has been known for many years. However, neither the mechanism by which, nor the stage of the virus life cycle at which, CTC-96 exerts its inhibitory action on HSV-1 is known. The body of evidence provided here demonstrates that while virus can attach to cells it cannot enter in the presence of CTC-96. The implications of this inhibition for the use of CTC-96 as a tool for analyzing the biology of HSV-1 entry and as an antiviral therapy are discussed. Furthermore, CTC-96 severely reduces the plaquing efficiency of VZV and vesicular stomatitits virus (VSV).
MATERIALS AND METHODS

Cells and viruses.
Vero cells were maintained in Dulbecco's minimal essential medium (DMEM; Gibco BRL, Grand Island, N.Y.) supplemented with 5% bovine calf serum (BCS; HyClone Laboratories Inc., Logan, Utah). Human fetal lung-Chang (Helf) cells (BioWhittaker, Inc., Walkersville, Md.) were grown in DMEM supplemented with 10% fetal bovine serum (FBS; HyClone Laboratories Inc.). The Chinese hamster ovary (CHO) cell lines C8 (95) , CHO-HveC-1 (34), IE␤8 (67, 95) , and IE␤8/HveA (67, 95) (provided by P. Spear, Northwestern University) were maintained as described previously. Unless otherwise indi-cated, all media used, including overlay media, contained 100 U of penicillin per ml and 100 g of streptomycin per ml (Gibco BRL).
The wild-type herpesvirus used was HSV-1 Glasgow strain 17 (8) . vJSsyn Ϫ is described below. vBS⌬27, a lacZ-containing ICP27 deletion virus, was described previously (89) . The Ellen strain of VZV was provided by P. Annunziato (Columbia University). VSV was provided by V. Racaniello (Columbia University). HS1, a glycoprotein C Ϫ (gC) HSV-1 (KOS) virus, was described previously (73) . HSV-1 preparation. (i) Cell-associated HSV-1. Vero cell monolayers were infected at low multiplicities of infection (MOIs) and incubated at 37°C for 2 to 3 days. Infected cells were scraped into the medium and pelleted by low-speed centrifugation. The infected cell pellet was washed with phosphate-buffered saline (PBS) (2.7 mM KCl, 1.2 mM KH 2 PO 4 , 138 mM NaCl, 8.1 mM Na 2 HPO 4 ⅐ 7H 2 O), resuspended in DMEM containing 1% BCS, and subjected to five freezethaw cycles. The virus was then titrated on Vero cells.
(ii) Partially purified HSV-1. Vero cells were infected at a low MOI and incubated at 37°C for 2 to 3 days. Infected cells were scraped into the medium, centrifuged at 900 ϫ g for 5 min at 4°C, washed with PBS, and centrifuged again. The infected cell pellet was resuspended in PBS-ABC (PBS containing 5 mM MgCl 2 and 7 mM CaCl 2 ) and incubated on ice for 15 min. The cell suspension was disrupted by 15 strokes in a sterile Wheaton Dounce homogenizer using pestle B. The nuclei were pelleted at 3,000 ϫ g for 5 min at 4°C. The virions in the supernatant were pelleted by centrifugation at 20,000 ϫ g for 75 to 90 min at 4°C, and the virus pellet was resuspended in PBS-ABC-ICS-glu (PBS-ABC containing 1% inactivated BCS and 0.1% glucose). The resuspended virus was pelleted through a 3-ml sucrose cushion (30% sucrose in 50 mM NaCl-10 mM Tris [pH 7.8]) for 2 h at 188,000 ϫ g in a Beckman SW41 rotor (6, 25) . The virus pellet was resuspended in PBS-ABS-ICS-glu and then titrated on Vero cells.
(iii) 35 S-labeled HSV-1. Vero cells were infected at a MOI of 10. Then 500 Ci of Tran 35 S-label (1,175 Ci/mmol; ICN Biomedicals, Inc., Costa Mesa, Calif.) per ml of methionine-free DMEM (Specialty Media Inc., Lavalette, N.J.) containing 5% dialyzed FBS and 10% normal DMEM (6, 25) was added to the infected cells at 2 h postinfection (p.i.), and the cells were incubated at 37°C for 26 h. 35 Slabeled virions were partially purified from the infected cells as described above. The specific activity of the 35 S-labeled virus was 5 ϫ 10 Ϫ4 cpm per PFU.
(iv) vJSsyn
؊ purification. Vero cells were infected at a low MOI. Syncytial (syn Ϫ ) plaques were isolated, and the virus in them was plaque purified two additional times. Cell-associated syn Ϫ virus (vJSsyn Ϫ ) was prepared as described above.
Plaque assays. (i) HSV-1. HSV-1 was preincubated with the indicated concentrations of CTC-96 (REDOX Pharmaceutical Corp., Greenvale, N.Y.) on ice for several minutes. The pretreated virus suspension was then diluted to or maintained at the indicated concentrations of CTC-96. For pretreatment of Vero cell monolayers, 50 g of CTC-96 per ml was added to the medium, and where indicated the cells were then washed in fresh medium with no drug for the indicated times prior to infection with untreated virus. Cells were infected in the presence of various concentrations of CTC-96 or in its absence. After 1 h of adsorption at 37°C in DMEM supplemented with 1% BCS with and without CTC-96, methylcellulose overlay medium (DMEM containing 1.5% methylcellulose and 1% BCS) containing the indicated amount of CTC-96 was added to the infected cell monolayers. The plates were incubated at 37°C for several days and fixed with methanol. The cell monolayers were stained with 0.1% crystal violet, and plaques were counted.
(ii) VSV. Virus was diluted in PBS with 0.2% BCS and adsorbed to Vero cell monolayers as described above. After adsorption, infected cells were overlaid with methylcellulose overlay medium and incubated at 37°C for 2 days. Monolayers were fixed and stained as described above for HSV-1.
Adsorption assay. Adsorption of 35 S-labeled HSV-1 and detection of bound virus were performed as described previously (6) . Briefly, 35 S-labeled HSV-1 was adsorbed for 1 h at 4°C to Vero cell monolayers at a MOI of 0.1, 1, or 10 in DMEM containing 1% BCS with or without 50 g of CTC-96 per ml. The plates were washed four times with 500 l of ice-cold PBS at 4°C on ice. Each plate was incubated for 10 min in 500 l of ice-cold radioimmunoprecipitation assay buffer (10 mM NaPO 4 [pH 7.2], 150 mM NaCl, 1% Triton X-100, 0.1% sodium deoxycholate, 0.1% sodium dodecyl sulfate, 50 mM NaF, 2 mM EDTA) at 4°C. The cpm associated with 100 l of each lysate was measured by liquid scintillation spectrometry (Wallac Inc., Gaithersburg, Md.). Experiments for each condition were performed in triplicate.
RT-PCR. RNAs were extracted from infected Vero cell monolayers, and the accumulation of ␣4 and ␣27 mRNAs was determined by coupled reverse transcription (RT) and PCR using the commercial kit, EZ rTth RNA PCR kit (Perkin-Elmer, Foster City, Calif.). The primers used during RT were 4-2 and ICP27-L-RT (58) . Following RT, the secondary primers, 4-1 and ICP27-U-RT, were added for PCR (58) . These primers result in amplification of a 100-bp fragment and a 220-bp fragment from the ␣4 and ␣27 RNAs, respectively.
Western blot analysis. Vero cell monolayers were infected at a MOI of 5 in the presence or absence of 50 g of CTC-96 per ml. Protein preparation and Western blot analysis were performed as previously described (57) . Immunodetection of proteins was performed using the following antibodies: ICP0, rabbit polyclonal antibody CLU7 (57); ICP27, rabbit polyclonal antibody CLU38 (57); glycoprotein B (gB), rabbit polyclonal antibody R69 (provided by G. Cohen, University of Pennsylvania); and ␣TIF, rabbit polyclonal antibody anti-VP16 (Clontech Laboratories Inc., Palo Alto, Calif.). The secondary antibodies used were goat anti-rabbit and goat anti-mouse immunoglobulin G (IgG) conjugated to horseradish peroxidase (Kirkegaard & Perry Laboratories, Inc., Gaithersburg, Md.). Immunoblots were developed as previously described (58) .
␣TIF immunofluorescence. Vero cell monolayers seeded onto coverslips were infected at a MOI of 100 on ice at 4°C for 45 min. Prewarmed (37°C) DMEM containing 1% BCS was added to each plate, and the plates were incubated at 37°C for the indicated times and then washed twice with ice-cold PBS on ice. The infected cells were fixed in 3.7% formaldehyde in PBS for 30 min and washed with PBS. The fixed monolayers were permeabilized in Ϫ20°C acetone for 10 min, and then the cells were washed sequentially with water and PBS. Penetration assays. (i) Plaque assays. HSV-1 or HS1 (a gC Ϫ virus) were diluted in PBS with or without 100 g of heparin sodium salt (Sigma, St. Louis, Mo.) per ml and/or 50 g of CTC-96 per ml. The diluted virus was then adsorbed to Vero or A549 cell monolayers for 1 h at 4°C on ice and shifted to 37°C for an additional hour. The cells were washed with PBS, citrate buffer (135 mM NaCl, 10 mM KCl, 40 mM citric acid [pH 3.0]) (39, 45) , or 48% (wt/wt) polyethylene glycol (PEG) 8000 in PBS (82, 83) . The wash buffer was immediately removed, and the cells were carefully washed twice with PBS. Then the infected monolayers were overlaid with methylcellulose overlay medium and incubated at 37°C for several days. Plaques were detected as described above.
(ii) Liquid ␤-galactosidase assays. Three to four days after seeding, CHO cells were infected with wild-type HSV-1 or vBS⌬27 and washed as described above for the plaque penetration assay. After being washed, the cells were overlaid with the appropriate medium and incubated at 37°C for 30 h as described previously (67, 95) . The infected cells were washed twice with PBS and lysed in 1ϫ passive lysis buffer (Promega Corp., Madison, Wis.) containing 10 g of soybean trypsin inhibitor per ml, 5 g of leupeptin per ml, 1 mM phenylmethylsulfonyl fluoride, 0.1 mM L-1-chloro-3-(4-tosylamido)-7-amino-2-heptanone, and 0.1 mM L-1-chloro-3-(4-tosylamido)-4-phenyl-2-butanone. The protein concentration was measured using protein assay dye reagent (Bio-Rad Laboratories, Hercules, Calif.) as specified by the manufacturer. The ␤-galactosidase activity in the lysates was measured as described previously (84), and ␤-galactosidase activity FIG. 1. Chemical structure of CTC-96.
was calculated using the following equation: [optical density at 420 nm/(milliliters of lysate) (time at 37°C)] ϫ 1,000.
Cell-to-cell spread and syncytium formation. Vero cell monolayers were seeded onto coverslips and infected at a MOI of 0.01 in DMEM supplemented with 1% BCS. At 8 h p.i., the medium was replaced with DMEM containing 1% BCS with or without 50 g of CTC-96 per ml and/or a 1:100 dilution of pooled anti-HSV human sera. At 8 or 16 h p.i., the infected monolayers were washed with PBS, fixed, permeabilized, and examined as described above for ␣TIF. The primary antibody used was the rabbit polyclonal antibody CLU38 (anti-ICP27) (57) , while the secondary antibody was goat anti-rabbit IgG conjugated to rhodamine or FITC (Kirkegaard & Perry Laboratories, Inc.). The slides were viewed with a Leitz Dialux microscope with optical systems for the selective visualization of rhodamine or FITC.
VZV immunohistochemistry. Helf cell monolayers on two-chambered slides were infected with 20 l of cell-associated VZV in DMEM containing 2% FBS with and without 50 g of CTC-96 per ml. At 28 h p.i., the slides were washed, fixed, and permeabilized as for ␣TIF with the exception that the slides were washed two additional times with Tris-buffered saline (TBS) (25 mM Tris, 137 mM NaCl, 3 mM KCl) prior to permeabilization. The slides were then washed twice with TBS, blocked for 20 min in TBS containing 1% goat serum (Sigma), and incubated for 30 min in 200 l of TBS containing 1% goat serum and a 1:200 dilution of rabbit polyclonal anti-ORF 29 (60) . The slides were washed three times with TBS for 5 min each, incubated for 30 min in 200 l of TBS containing 1% goat serum and a 1:200 dilution of goat anti-rabbit IgG conjugated to alkaline phosphatase (Kirkegaard & Perry Laboratories, Inc.), and then washed three additional times. The reaction was developed for 5 min using a commercial kit, alkaline phosphatase substrate kit III (Vector Laboratories, Inc., Burlingame, Calif.), as specified by the manufacturer and then washed several times with water. The slides were viewed with a Leitz Dialux microscope.
RESULTS
CTC-96 inhibits HSV-1 replication in tissue culture.
The antiviral activity of the CTC complexes against several herpesviruses has been described previously (3, 22, 24, 97) . The majority of these studies have been in vivo protocols that addressed the efficacy of the CTC series of compounds against herpesviruses (3, 22, 24, 97) . Comparison of several CTC complexes showed that CTC-96 was the most potent inhibitor of HSV-1 in tissue culture and in a rabbit eye model (3). However, the mechanism(s) of action of these drugs is unknown.
Plaque assays were performed to determine the MIC of CTC-96 for HSV-1. CTC-96 at 25 g/ml prevented the formation of approximately 30% of HSV-1 plaques. By comparison, Ն50 g of CTC-96 per ml completely inhibited plaque formation ( Fig. 2A) . This nonlinear inhibitory profile suggests that 25 g/ml is not sufficient to saturate its target. Furthermore, CTC-96 must be present throughout the initial stages of infection since removal of drug by dilution before adsorption of the virus only partially inhibited the formation of plaques (Fig.  2B) . It was unclear whether this partial blockage was the result of a lag in initiation of infection or if the drug affected an aspect of the virus and/or cellular machinery necessary for efficient production of HSV-1 plaques. However, prior incubation of Vero cell monolayers for 4 or 8 h with 50 g of CTC-96 per ml resulted in a marked decrease in virus yield (Fig. 2C ). This decrease in yield was partially reversed if the drug-treated cells were washed before infection (Fig. 2C) . These results suggest that short-term treatment with CTC-96 does not irreversibly alter the infectivity of HSV-1 virions. Similarly, while cells exposed to drug for 4 h were severely incapacitated for their ability to support virus replication (Ն99%), they produced four-to fivefold more virus following reversal of drug (Fig. 2C) . We note that extended exposure (Ͼ2 to 3 days) to 50 g of CTC-96 per ml results in cell death.
CTC-96 has no effect on attachment of HSV-1 to Vero cell monolayers. CTC-96 inhibits HSV-1 plaque formation (Fig. 2) . However, it is not apparent by what mechanism(s) it achieves this inhibition. A prerequisite for HSV-1 infection is binding of the virion envelope glycoproteins to cell surface receptors (90) (91) (92) ; also see reference 77 and references therein). For instance, gC and gB bind to heparan sulfate (38, 39, 53, 86, 106) while glycoprotein D (gD) attaches to HveA, a herpesvirus entry mediator receptor (67) . Suramin was recently shown to block attachment of HSV virions to their cellular receptors (1) Partially purified 35 S-labeled virions were adsorbed to Vero cell monolayers at 4°C, and the amount of radioactivity that remained cell associated after several washes was measured. The amount of virus bound to cells increased linearly with the MOI from 0.1 to 10 PFU per cell and was unaffected by CTC-96 (Fig. 3) . Thus, we reasoned that CTC-96 must inhibit a postattachment phase of infection.
Virus proteins do not accumulate when CTC-96 is present during infection. The expression of HSV-1 genes and their gene products occurs in a temporal fashion and is classified into three kinetic classes (43, 44) . The production of proteins from all of these classes is required to produce infectious progeny (43, 44) . To determine whether the inhibitory action of CTC-96 on plaque formation results from a delay in the temporal order of HSV-1 infection, we examined the accumulation of virus proteins in the presence of 50 g of CTC-96 per ml. CTC-96 prevented the accumulation of gene products from all kinetic classes when present from the onset of infection (Fig. 4) . The appearance of bands reactive with ␣TIF and gB antibodies, when CTC-96 was present from the initiation of infection, does not result from de novo synthesis of these ␤/␥ proteins (Fig. 4B) (37, 42) . Rather, these bands represent the proteins associated with the infecting virions (Fig. 4B) since both ␣TIF and gB are present in the virion (11, (61) (62) (63) 108) . If, however, CTC-96 was added after the initiation of infection, there was little or no effect on the accumulation of the ␣ gene products, ICP0 and ICP27 (Fig. 4A) , or on the ␤/␥ gene products, ␣TIF and gB (Fig. 4B) . Thus, once the cascade of protein synthesis was initiated, CTC-96 had no significant effect on accumulation of virus proteins (Fig. 4) . These results suggest that CTC-96 exerts its inhibitory effect(s) on the HSV-1 life cycle after attachment but at or before the synthesis of virusspecified proteins.
␣ mRNAs do not accumulate if CTC-96 is present throughout infection. Initiation of HSV-1 immediate-early gene expression does not require de novo protein synthesis (30, 94, 100) . Transcription of the ␣ genes is initiated by the virionassociated protein ␣TIF in concert with the cellular transcription apparatus (10, 36, 71, 75) . The protein products of the ␣4 and ␣27 genes are essential for the subsequent transcription of ␤ and ␥ genes (21, 23, 66, 76, 79) . Therefore, using RT-PCR analysis, we examined whether the ␣4 and ␣27 mRNAs accumulated in the presence of CTC-96. Neither of these mRNAs was detected when CTC-96 was present from the onset of infection (Fig. 5) . However, after a short lag period, ␣4 and ␣27 mRNAs began to accumulate if CTC-96 was diluted to 0.83 g/ml before adsorption (Fig. 5) . This finding supports the data in Fig. 2 suggesting that the inhibitory effect(s) of CTC-96 is reversible. The lack of accumulation of ␣ mRNAs in the presence of drug does not distinguish between whether CTC-96 acts at the level of ␣ mRNA transcription or at a stage before transcription of ␣ genes. However, the results of this and the preceding experiment suggest that the site of action of CTC-96 must be before virus DNA is transcribed.
␣TIF is absent from the nuclei of cells infected in the presence of CTC-96. After entry and uncoating, the HSV capsid moves through the cytoplasm to the nuclear pores (88) . ␣TIF, a tegument protein, also translocates to the nucleus after associating with host cell factor, a cellular protein (51) . In addition, ␣TIF appears to remain associated with the virus capsid in the cytoplasm (107) . We therefore determined whether ␣TIF is present in the nuclei of cells infected in the presence of CTC-96 since this protein is required for transcription of immediate-early genes such as ␣27 and ␣4. Indirect immunofluorescence analysis of untreated cells showed that ␣TIF could be detected in the nucleus by 30 min postinfection ( was present, ␣TIF was not detected in the nucleus at 1 h p.i. (Fig. 6F ). In addition, we found that input HSV-1 genomic DNA does not accumulate in the nuclei of cells infected with HSV-1 in the presence of CTC-96 (data not shown). These results lead us to postulate that the introduction of capsidassociated proteins and DNA does not occur in the presence of CTC-96. Thus, while virus can bind in the presence of CTC-96, the drug blocks a step between binding and introduction of the capsid and therefore infection.
CTC-96 inhibits penetration of HSV-1 in a variety of cell types independent of gC and the type of entry receptor. HSV-1 entry is composed of several distinct steps that can be differentiated by their susceptibility to specific washes. The initial stage of attachment involves binding of the viral glycoproteins, gB and/or gC, to cell surface heparan sulfate proteoglycans (38, 39, 86, 106) . After binding, the virus becomes resistant to removal from the cell surface by PBS (39-41, 45, 64) . However, at this point bound virus is sensitive to elution by heparin and inactivation by low-pH citrate buffer (39-41, 45, 64, 73) . After the initial binding event, virus attachment becomes more stable as gD and possibly other virus glycoproteins bind to their cell surface receptor(s). gD binds to several different cellular receptors (HveA to HveD) (12, 35, 50, 67, 99, 102) . Binding of gD to its entry receptor appears to play two roles, the first of which is in securing the attachment event and the second is in facilitating or initiating penetration of the virus into the cell. The initial binding of gD to its receptor renders the virus-cell interaction resistant to elution by heparin but sensitive to citrate (39-41, 45, 64, 73) . Once the fusion phase of entry is initiated, the bound virions are no longer sensitive to inactivation by citrate buffer (39-41, 45, 64, 73) . Penetration assays (39-41, 45, 64) can then be implemented to address the stage affected by CTC-96 by assaying the sensitivity of each phase of entry to specific buffers.
A plaque assay was used to assess whether HSV-1 was able to penetrate cells in the presence of CTC-96 (Fig. 7) . To assess whether CTC-96 inhibits entry at a point downstream of the initial gC binding event, a penetration assay using HS1, a gC Ϫ virus, was also performed (73) . The absence of gC had no effect on the ability of CTC-96 to inhibit penetration, suggesting that the drug affects an event downstream of gC attachment (Fig.  7B ). This result is consistent with the data in Fig. 3 and supports our contention that the block occurs after attachment. It seemed plausible that CTC-96 was having a specific effect on a gD binding or fusion event. Therefore, we assessed whether there was a cell type-dependent difference in the ability of CTC-96 to inhibit virus entry ( Fig. 7A and C) . CTC-96 inhibited the penetration of wild-type virus in the presence (data not shown) and absence ( Fig. 7A and C, right panels) of heparin in the nonhuman primate Vero cell line (Fig. 7A) and in the human cell line A549 (Fig. 7C) . Thus, both CTC-96 and heparin, a competitive inhibitor of the first step in virus attachment, block infection.
As described previously, PEG was able to induce fusion of the virus envelope with the plasma membrane (Fig. 7 , left and middle panels) (31, 82, 83) . However, CTC-96 blocked PEGmediated fusion (Fig. 7, right panels) . While this was surprising, we subsequently demonstrated that CTC-96 also inhibited PEG-induced cell fusion (data not shown). These results suggest that CTC-96 nonspecifically inhibits membrane fusion.
The penetration data do not differentiate between whether the block results from a nonspecific effect on membranes or whether it specifically affects a gD-dependent event. Therefore, to differentiate between these possibilities, penetration assays in CHO cells expressing either HveA or HveC were performed (Fig. 8) . CHO cells are inherently resistant to infection by HSV because they lack the appropriate entry receptors (35, 86) . Since both HveA and HveC allow entry by most strains of HSV-1 (35, 50, 67, 99, 102) , we asked if CTC-96 inhibited entry in CHO cells expressing HveA or HveC. Penetration was assayed by measuring the level of ␤-galactosidase activity in CHO cells transformed with an ␣TIF-inducible lacZ reporter construct (Fig. 8A and B) or by infection with vBS⌬27, a virus with an ␣TIF-responsive lacZ reporter that does not replicate in noncomplementing cells (Fig. 8C and D) . CTC-96 and heparin inhibited HveA-mediated (Fig. 8B) and HveC-mediated (Fig. 8D ) entry compared to the no-drug controls ( Fig. 8B and D, left panels, respectively) and the untreated CHO cell lines (Fig. 8A and C) , which do not express either receptor. Thus, CTC-96 prevents infection of cells and the block to HSV-1 entry is independent of the type of entry receptor used.
CTC-96 blocks cell-to-cell spread of wild-type and syn ؊ HSV-1. CTC-96 prevents virus macromolecular synthesis ( Fig.   4 and 5) , the appearance of ␣TIF (Fig. 6 ) and the virus genome in the nuclei of infected cells, and the activation of reporter constructs in CHO cells genetically engineered to be infected by HSV-1 (Fig. 8) . The virus glycoproteins (gB, gD, and gH- FIG. 6 . Accumulation of ␣TIF in the nucleus of cells infected with HSV-1. HSV-1 was adsorbed to Vero cell monolayers at a MOI of 100 for 45 min at 4°C in the presence (D to F) or absence (A to C) of 50 g of CTC-96 per ml. Infected monolayers were then warmed to 37°C for 5 min (A and D), 30 min (B and E), and 60 min (C and F), after which they were fixed and permeabilized. The location of ␣TIF was ascertained using a rabbit polyclonal antibody to ␣TIF and a goat anti-rabbit IgG antibody conjugated to FITC. The immunofluorescence signal was visualized by confocal microscopy. Each image is a composite of 1-m serial sections. gL) and cellular receptors (HveA, HveB, and HveC), that are important for fusion of the HSV-1 envelope with the cell membrane are also involved in virus-induced cell fusion and cellto-cell spread of virus (9, 19, 68, 69, 95) . Therefore, we asked whether CTC-96 was able to inhibit cell-to-cell spread of HSV-1 in tissue culture. Vero cell monolayers were infected at a low MOI in the absence of drug. At 8 h p.i., pooled anti-HSV human sera and/or CTC-96 was added to the infected monolayers. In the presence and absence of neutralizing antibody, HSV-1 was able to spread to adjacent cells, as demonstrated by the spread of the immunofluorescence signal from single cells at 8 h p.i. to surrounding cells at 16 h p.i. (Fig. 9 , compare panels A and B). However, after addition of CTC-96 at 8 h p.i., we were unable to demonstrate the development of multicelled foci at 16 h p.i. (Fig. 9C) . The ability of CTC-96 to inhibit the spread of wild-type virus was quantified (Table 1) . These results demonstrate that CTC-96 added at 8 h p.i. inhibited the spread of virus to adjacent cells. Similar results were obtained with human A549 cells (data not shown).
While cell-to-cell spread and syncytium formation may share some essential factors, previous studies suggest that they are distinct events (12, 35, 77, 90) . To determine if CTC-96 inhibits the development of multinucleated foci (syncytia) by syn Ϫ viruses, the drug was added at 8 h p.i. and the formation of syncytia was monitored. CTC-96 inhibited the formation of syncytia in Vero cells infected with vJSsyn Ϫ (Table 1 ) and MP (data not shown). These data also demonstrate that the block by CTC-96 occurs in a gK-independent manner as vJSsyn Ϫ is defective in gK, and not gB, as determined by its sensitivity to mellitin (4) and cyclosporin A (references 65 and 98 and data not shown). Moreover, when virions labeled in their membranes with the lipophilic fluorescent dye octadecyl rhodamine B chloride are bound to cells in the presence of drug, they fail to dequench (data not shown), supporting our contention that CTC-96 inhibits membrane fusion events. Therefore, CTC-96 inhibits all of the major fusion events in the HSV-1 life cycle, suggesting that it is a nonspecific inhibitor of fusion.
CTC-96 nonspecifically inhibits infection by enveloped viruses. It has been suggested that CTC compounds inhibit infection by other herpesviruses such as VZV, CMV and EBV (22, 24, 97) . We confirmed that plaque formation by VZV was inhibited by 50 g of CTC-96 per ml (Table 2 ). To ascertain if this inhibition was specific for the herpesvirus family, we asked if 50 g of CTC-96 per ml inhibited plaque formation by a rhabdovirus, VSV. Table 2 demonstrates that CTC-96 inhibited plaque formation by VSV as efficiently as it inhibited plaque formation by HSV-1 and VZV. Inhibition of VSV plaque formation did not result from a block in endocytosis, since CTC-96 does not inhibit the uptake of Lysotracker, a fluorescent endocytic marker (data not shown). Thus, CTC-96 does not inhibit VSV infection by interfering with endocytosis. These results suggest that CTC-96 inhibits infection by HSV-1, VZV, and VSV, perhaps by targeting a common cellular mechanism that is required for entry by these enveloped viruses.
DISCUSSION
The way in which CTC-96 inhibits HSV-1 infection in tissue culture was studied using assays that probe virus processes that are essential for productive infection. Consistent with a previous report (3), we found that concentrations of CTC-96 of Ն50 g/ml completely inhibited plaque formation ( Fig. 2A and B) . Prior incubation of either HSV-1 or cell monolayers with CTC-96 reduced the infectivity of HSV-1 (Fig. 2B) and the ability of cell monolayers to support virus growth (Fig. 2C ) in a partially reversible manner. CTC-96 did not affect adsorption of HSV-1 to Vero cell monolayers (Fig. 3) . However, because virus does not penetrate cells infected in the presence of drug, no de novo-synthesized virus-specific proteins (Fig. 4) , RNA (Fig. 5) , or DNA (data not shown) is detected under these conditions. Furthermore, in the presence of CTC-96, virionassociated ␣TIF (Fig. 6 ) and HSV-1 DNA (data not shown) also do not accumulate in the nucleus.
Penetration assays demonstrated that CTC-96 was blocking virus entry ( Fig. 7 and 8 ). HSV-1 was unable to penetrate either Vero or A549 cells as determined by plaque formation assays ( Fig. 7A and C) . This effect was independent of gC, since HS1, a gC Ϫ virus, was also inhibited by CTC-96 (Fig. 7B ). These observations suggested that an event downstream of attachment was the target for the drug. We therefore assayed the ability of HSV-1 to enter CHO cells expressing either HveA or HveC to determine if this effect was specific for one or more essential gD interactions (Fig. 8) . HSV-1 was unable to penetrate CHO cells expressing either entry receptor in the presence of CTC-96 ( Fig. 8B and D) . Therefore, unlike the antiviral drugs currently approved for treatment of HSV-1, which act on virus-specified enzymes to inhibit replication, CTC-96 prevents the entry of virus into cells.
While our data reveal that CTC-96 inhibits membrane fusion events, they do not provide insight into the exact mechanism of inhibition. CTC-96 may alter the structure of proteins required for membrane fusion by preventing the conformational change of virus glycoproteins and/or cellular receptors that are believed to be important for fusion initiation and completion. CTC compounds selectively unfold proteins in vitro (7) . Accordingly, if the cell and virus fusogenic proteins require precise conformations to function, CTC-96 may inhibit their function by preventing protein-protein and/or proteinmembrane interactions required for membrane fusion.
Several virus glycoproteins that play a role in the fusion of the virus envelope with the plasma membrane are also involved in cell-to-cell spread and cell fusion. Therefore, to gain further insight into the mode of action of CTC-96, we examined whether virus was able to spread to adjacent cells and/or form syncytia. Addition of CTC-96 to cells previously infected with HSV-1 rendered them unable to form multicelled foci ( Fig. 9 and Table 1 ). Thus, CTC-96 inhibits cell-to-cell spread regardless of whether the virus infects adjacent cells by direct contact with the plasma membranes or via the interstitial space. Furthermore, a syncytium-forming virus, vJSsyn Ϫ , was unable to form syncytia in the presence of CTC-96 (Table 1) . These data do not exclude a specific effect against all the virus and cellular proteins involved in entry, cell-to-cell spread, and virus-induced cell fusion. However, the inhibition of PEG-induced virus-cell (Fig. 7) and cell-cell (data not shown) fusion and the inhibition of infection by other enveloped viruses (Table 2) suggest that CTC-96 exerts its effects nonspecifically. Therefore, the inhibition of the fusion processes involved in HSV-1 infection by CTC-96 suggests that there may be a general mechanism of fusion shared by these processes. The CTC compounds were shown to irreversibly bind to and specifically inhibit Sp1, a DNA binding Zn finger protein in vitro (59) . Based on this observation, it was postulated that the antiviral activity of the CTC compounds could inhibit human immunodeficiency virus type 1 (HIV-1) by binding to Zn finger containing nucleocapsid proteins as well as to Sp1, which may be important for HIV-1 virus transcription (59) . Furthermore, the cytotoxic effects of CTC-96 may result from in vivo inhibition of cellular and viral Zn finger-containing proteins. The HSV-1 immediate-early gene promoters contain numerous Sp1 sites (49) that might provide secondary targets for CTC-96 if it enters cells. However, our results suggest that these are not alternative targets of CTC-96. It seems likely that CTC-96 does not enter cells efficiently because of the temporal requirement for addition of CTC-96 to inhibit virus replication ( Fig. 2 and  5 ). This is further supported by our observations that virusspecified protein synthesis continues unabated when drug is added at 1 h p.i. (Fig. 4) and that there is only a negligible decrease in virus titers when CTC-96 is added at 16 h p.i. and virus is harvested 4 h later (data not shown). Hence, CTC-96 does not appear to act intracellularly. Therefore, based on our demonstration that CTC-96 inhibits virus-mediated cell fusion, the long-term cytotoxic effects of CTC-96 may result from inhibition of global and/or local membrane dynamics, a vital cellular process. Despite its toxic effect on cells in culture, 50 g of CTC-96 per ml does not appear to be toxic in animal models (3, 22, 24, 97) .
We have been unable to isolate CTC-96-resistant viruses. This suggests that either CTC-96 targets one or more essential cellular or virus components or it affects a global process such as membrane dynamics. This latter theory is supported by the demonstration that CTC-96 affects both virus and cellular targets (Fig. 2) . Furthermore, this effect may not be specific, since the drug also inhibits PEG-induced cell-to-virus (Fig. 7) and cell-to-cell (data not shown) fusion. If membrane fluidity was altered by CTC-96, it would need to be partially reversible, since infection, which is partially inhibited by preincubation of cells or virus with CTC-96, is restored on dilution of the drug. d Approximately 2% of the drug-treated infected monolayer appeared positive because cell-associated VZV containing cellular debris was used to initiate the infection. This could reflect de novo synthesis resulting in turnover of the target. Thus, inhibition of virus entry by CTC-96 and its effect on cell viability have implications for a global inhibitory mechanism of membrane coalescence.
The appearance of acyclovir-resistant herpesviruses in patients significantly intensified the effort to develop drugs that inhibit another aspect of the virus life cycle. One attractive target for antiherpetic drugs is the initial stage of infection (i.e., entry and uncoating). Several drugs exist that inhibit HSV infection by blocking attachment or fusion of the virus envelope with the plasma membrane. Heparin, a polysulfonate complex, can block the attachment via gC and or gB through competitive binding for heparan sulfate proteoglycans (64, 86, 106) . Sumarin, a derivative of urea, is also able to block HSV attachment but, unlike heparin, is also able to inhibit cell-tocell spread (1) . Unlike heparin and sumarin, n-docosanol, a saturated primary alcohol, does not inhibit virus binding; rather, it inhibits fusion of the virus envelope with the plasma membrane of the cell (74) . Therefore, it has a broad spectrum and is effective against other enveloped viruses including influenza A virus (74) .
In view of a previous report that CTC-96 inhibits infection by other herpesviruses (97) , it is likely that the mechanism of inhibition is similar for these viruses. Consistent with previous reports (97), we observed inhibition of VZV and VSV plaque formation by CTC-96 ( Table 2 ). Inhibition of VZV by CTC-96 suggests that the mechanism of action is not specific for gD, since VZV is the only alphaherpesvirus without a known gD homologue (81) . Our hypothesis that CTC-96 nonspecifically targets an essential fusion event is further supported by its ability to inhibit plaque formation by VSV. Despite differences in the fusogenic apparatus at the atomic level, it has been proposed that several enveloped viruses share an analogous process of membrane fusion (33, 46, 52, 87, 101) . Analysis of the efficacy of CTC-96 against other enveloped viruses could reveal a common mechanism(s) of membrane fusion between viruses and cells.
